The generation of pulling and pushing forces is one of the important functions of microtubules, which are dynamic and polarized structures. The ends of dynamic microtubules are able to form relatively stable links to cellular structures, so that when a microtubule grows it can exert a pushing force and when it shrinks it can exert a pulling force. Microtubule growth and shrinkage are tightly regulated by microtubule-associated proteins (MAPs) that bind to microtubule ends. Given their localization, MAPs may be exposed to compressive and tensile forces. The effect of such forces on MAP function, however, is poorly understood. Here we show that beads coated with the microtubule polymerizing protein XMAP215, the Xenopus homolog of Dis1 and chTOG, are able to link stably to the plus ends of microtubules, even when the ends are growing or shrinking; at growing ends, the beads increase the polymerization rate. Using optical tweezers, we found that tensile force further increased the microtubule polymerization rate. These results show that physical forces can regulate the activity of MAPs. Furthermore, our results show that XMAP215 can be used as a handle to sense and mechanically manipulate the dynamics of the microtubule tip.
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microtubule polymerase | microtubule dynamics | optical trap X MAP215 is a microtubule plus-end binding protein that alters microtubule dynamics (1-4) by promoting microtubule growth. It was identified as a factor increasing microtubule polymerization rates in Xenopus egg extracts (5) . In vivo studies have shown that disruption of XMAP215 function leads to short interphase microtubules, reduced microtubule growth rate, and increased frequency of microtubule catastrophe and pause events (6) (7) (8) (9) (10) (11) . Depletion of XMAP215 also results in short, abnormally formed mitotic spindles and short astral microtubules (7, 12, 13) . In vitro studies have demonstrated that XMAP215 binds preferentially to the microtubule plus end and follows the growth and shrinkage of the microtubule tip, catalyzing microtubule growth (14) (15) (16) . In addition to localization at the microtubule plus end and centrosomes (17) (18) (19) , proteins of the XMAP215/Dis1 family are found at the kinetochores (9, 20, 21) , which are sites of high force during cell division. Microtubules themselves can exert pulling and pushing forces (22) (23) (24) (25) (26) (27) (28) (29) (30) . Therefore, the localization of XMAP215 at microtubule ends suggests that XMAP215 can function under load. However, the effect of forces on XMAP215 activity has not been directly analyzed. In this study, we investigated the influence of forces-directed toward the microtubule plus and minus end-on XMAP215 activity in vitro. Microtubule growth and shrinkage were monitored with high spatial and temporal resolution by visualizing the position of XMAP215-coated polystyrene microspheres bound to the tips of dynamic microtubules. The microspheres, so-called "beads," served as handles to apply forces on XMAP215 molecules using optical tweezers.
Results

XMAP215-Coated Beads Remain Attached to Growing and Shrinking
Microtubule Ends. To test whether XMAP215-coated beads recognize and bind microtubule tips, we reconstituted the interaction of XMAP215 molecules with dynamic microtubule ends. For this purpose, rhodamine-labeled microtubule seeds were attached to a coverslip via antirhodamine antibodies. Upon addition of a solution containing unlabeled tubulin protein and XMAP215-coated beads, the microtubule seeds started to grow dynamic extensions. XMAP215 was coupled to the beads via its C terminus (Materials and Methods); with this geometry, the N-terminal, tubulin-binding tumor overexpressed gene (TOG) domains (16) have access to the microtubule. The dynamics were characterized by alternating periods of growth and shrinkage. Beads were trapped using optical tweezers (31) (32) (33) (34) , brought into the vicinity of the growing end of a microtubule, and then positioned on it to allow binding to occur. When the optical trap was switched off, the bound XMAP215-coated bead remained attached to the microtubule tip. To quantify the movement of the beads due to microtubule growth and shrinkage, we recorded differential interference contrast (DIC) (33) movies and tracked the position of the bead (Fig. 1A) . The resulting bead trajectory was calculated from the tracked position and decomposed into movement parallel (Fig.  1B , Upper) and perpendicular (Fig. 1B, Lower) to the microtubule axis. The motion was the superposition of the directed movement due to microtubule growth and shrinkage and higher frequency fluctuations, perhaps due to Brownian motion of the XMAP215-coated bead, and thermally induced bending of the flexible microtubule extension. XMAP215-coated beads remained attached to the dynamic microtubule tip for 472 ± 95 s (mean ± SE unless noted otherwise, N = 21) in the presence of 15 μM of tubulin at 29°C (Fig. 1C) . During microtubule growth, the beads moved 7:0 ± 1:3 μm ðN = 17Þ before they either detached or switched to shrinkagedriven movement. Microtubule shrinkage led to movement over 7:9 ± 1:5 μm ðN = 11Þ (Fig. 1D) . These results show that XMAP215-coated beads can remain attached to growing and shrinking microtubule ends. Because the attachment times are much longer than those measured using single-molecule fluorescence (∼2 s) (15) , the microtubule end is likely interacting with a large number of XMAP215 molecules at the bead surface. Given the geometry of the bead, it is possible that every protofilament end is interacting with an XMAP215 molecule (Materials and Methods).
beads, we quantified their effect on microtubule dynamics by comparing the speed of microtubule growth and shrinkage with and without XMAP215-coated beads on their tips. Growth and shrinkage speeds of microtubules not interacting with XMAP215-coated beads were calculated from kymographs ( Fig. 2 A-C) . In the same field of view, the corresponding speeds of microtubules attached to beads were calculated from linear fits to the tracked movement (see Fig. 1B for example tracks). Our results show that attachment of XMAP215-coated beads was associated with nearly a twofold increase in microtubule growth speed (Fig. 2D) . For a single bead, this increase is remarkable considering that for saturating XMAP215 concentrations only a fivefold increase was reported (15) . In contrast, the shrinkage speed remained unchanged (Fig. 2E) . Also, times until a catastrophe occurred were unchanged:7:2 ± 0:5 min (N = 247 catastrophes, mean ± mean/ ffiffiffiffi N p ) without beads and 8 ± 2 min (N = 13 catastrophes) with beads. These results show that XMAP215 retains its polymerization activity in our in vitro assay.
XMAP215 Molecules Are Able to Maintain Contact to a Growing
Microtubule End in the Presence of Minus-End-Directed Forces. To determine whether XMAP215-coated beads are able to support load and remain attached to the dynamic microtubule end, we applied an increasing minus-end-directed force to the microtubule by holding the bead in a stationary optical trap (Fig. 3A) . When the microtubule tip grew, the bead was displaced from the center of the optical trap and was subjected to an increasing restoring force directed toward the minus end of the microtubule. Eventually, the XMAP215-coated bead detached from the microtubule tip very rapidly and returned to the center of the trap (Fig. 3B) . The bead's speed following detachment was much faster than the speed of shortening following catastrophe, allowing us to distinguish between these two cases. To quantify the detachment force, the bead was monitored by back-focal-plane interferometry (35, 36) . Based on this analysis, the mean detachment force of the XMAP215-coated beads was 1:0 ± 0:1 pN ðN = 18Þ, with maximum forces up to 2.5 pN (Fig. 3C ). These results indicate that XMAP215 molecules are able to maintain contact to a growing microtubule end in the presence of minus-end-directed forces up to a few pN.
Tensile Forces Enhance Microtubule Polymerization Activity of XMAP215. To determine whether the XMAP215 microtubule polymerization activity is force sensitive, we used the optical trap to apply steady forces to XMAP215-coated beads coupled to microtubule tips (Fig. 4A ). The applied forces were 0.5 pN and 1 pN toward the plus end (in the direction of growth) and −0.5 pN toward the minus end (in the direction of shrinkage); the force was kept constant by using a feedback-controlled mirror to move the position of the optical trap and maintain a fixed offset between the bead and the trap center. To quantify the XMAP215-coated bead movement parallel to the microtubule axis, we fitted a line to the corresponding displacement of the bead (Fig. 4B ), x = υt + x 0 , where x is the position, υ the speed, t the time, and x 0 the initial position of the bead at t = 0 s. To determine the influence of applied forces on the bead movements, we plotted the bead's growth speed (Fig. 4C) , the time to catastrophe (Fig. 4D) , and the shrinkage speed ( Fig. 4E ) against the applied forces. The time to catastrophe and the shrinkage speed were independent of force: the average time to catastrophe was 2:6 ± 0:4 min ðN = 49Þ corresponding to a catastrophe frequency of 0:0064 ± 0:0010 s −1 ; the mean shrinkage speed was 43 ± 4 μm/min ðN = 49Þ, consistent with Fig. 2E . We did not observe any rescue events. These values are consistent with the literature (37, 38) . The zero-force growth speed was smaller than the speeds reported in the other figures because, in the constantforce experiments, we used a lower tubulin concentration (7.5 μM). We reduced the concentration to slow growth and lower the microtubule lengths, thereby minimizing microtubule bending fluctuations. For the smaller forces, −0.5 pN, 0 pN, and +0.5 pN, the growth speeds clustered around 0:77 ± 0:06 μm/min (N = 56, Fig. 4C ). However, at a plus-end-directed force of 1 pN, the mean speed was 1:34 ± 0:16 μm/min ðN = 16Þ, which was significantly higher than the speed at smaller forces (P < 0:005, Welch's unpaired t test). Thus, a positively directed force increased the rate of microtubule growth in the presence of XMAP215.
Discussion
We have shown that beads coated with XMAP215 are able to maintain contact with growing and shrinking microtubules while they grow and shrink by several micrometers. The ability of the growing and shrinking ends of the microtubules to move a cargo in vivo appears to be dependent upon linker molecules. For instance, the kinetochores maintain persistent attachment of the depolymerizing microtubule plus ends to the chromosomes, enabling chromosome segregation during cell division. According to our results, XMAP215 is a candidate for such a linker protein, as XMAP215-coated beads remained attached to the growing and shrinking microtubule ends over long distances, with growth times up to several minutes. Such highly processive motion could be explained both by the ability of XMAP215 to recognize, bind, and track the dynamic microtubule plus end (15) and by the interaction of several XMAP215 molecules tethered to a polystyrene bead providing stable attachment of the cargo to the microtubule tip. The same cargo-coupling abilities to the depolymerizing microtubule end have been shown for the Dam1 complex (39) and Ndc80 (40) , which are part of the kinetochore complex (41) and are known to be load-bearing proteins during chromosome segregation. Recently, such a linker property has also been shown for the microtubule depolymerase MCAK (42), which is localized to the kinetochores during cell division as well as cytoplasmic dynein (43) . Thus, XMAP215 is one of several proteins capable of coupling to the microtubule ends under load.
XMAP215-coated beads were able to increase the growth rate of microtubules, showing that XMAP215 retains its polymerase activity when coupled to the beads. We have shown that the growth rate is further increased by a 1 pN force directed toward the plus end of the microtubule (i.e., in the direction of growth). Such a force will put both the XMAP215 proteins and the microtubule itself under tension. What is the mechanism underlying this increase in growth rate? Previous in vitro studies have shown that XMAP215 acts as a catalytic activator (15, 16) . According to this model, the microtubule end can be thought of as an enzyme that catalyzes the transfer of a tubulin dimer from the unpolymerized state (free in the solution) to the polymerized state (incorporated into the microtubule lattice). XMAP215, by binding to the end, lowers the energy of the transition state (a tubulin dimer weakly bound at the microtubule end), thereby accelerating the rate of addition of free dimers into the microtubule. The activity of XMAP215 is determined by its υ max , the maximum growth acceleration when the end is saturated with XMAP215, and the K M , the XMAP215 concentration at which the end is 50% saturated with XMAP215 (16) . A tensile force could accelerate growth by increasing the activity of XMAP215 through an increase in υ max or a decrease in K M .
The simplest model is that a tensile force acting on the beads decreases K M by pulling XMAP215 molecules to the microtubule end and, therefore, increases the probability that the terminal tubulin dimer is occupied by XMAP215 (where it can participate in catalysis). For example, if an XMAP215-coated bead can diffuse on the microtubule surface, as can single molecules of XMAP215 (15) , and if, in the absence of force, the effective concentration of XMAP215 at the end is below the K M for catalytic activation, then a constant tensile force will influence the probability, pðℓÞ, of finding the bead a distance ℓ away from the microtubule end according to a Boltzmann distribution: pðℓÞ = p 0 expð−Fℓ=ðk B TÞÞ, where k B is the Boltzmann constant and T the temperature. In this case, tensile force will increase the growth rate exponentially. Such exponential growth is consistent with the data. Fitting υðFÞ = υ 0 exp ðFx 0 =k B TÞ to the data (Fig.  4C , solid line) resulted in a microtubule growth speed in the absence of force of υ 0 = 0:75 ± 0:08 μm·min −1 and a characteristic length of x 0 = 2:0 ± 0:6 nm (mean ± SE; x 0 significantly different from zero with t = 3:32, N = 72, and P = 0:0014). The value of x 0 is intermediate between the length of the dimer (8 nm) and the average increase in microtubule length upon dimer addition (8 nm=13 ≈ 0:6 nm, for a 13-protofilament microtubule). Thus, a mechanism by which tensile force concentrates XMAP215 at the microtubule end accords with the data.
An alternative model is that a tensile force acting on the beads increases υ max by making XMAP215 a more effective polymerase. For example, if the unbinding of the TOG domain from the newly incorporated tubulin dimer is rate limiting in the absence of force, then a tensile force could accelerate the unbinding by unpeeling XMAP215 from the microtubule wall, thereby accelerating polymerization. In this picture, the characteristic length of 2.0 nm could be interpreted as the transition state for TOG unbinding. An argument against this mechanism is that XMAP215 is attached to the bead via its C terminus, yet the polymerase activity is primarily due to the first two TOG domains, located at the N terminus (16); thus, the effect on these TOG domains of forces exerted through the bead will be diminished if the intervening three TOG domains (and the basic domain) bind to the microtubule. The specific model of Ayaz et al. (44) proposes that the most-N-terminal TOG domain (TOG1) catalyzes subunit incorporation, whereas TOG2 helps to maintain attachment to the microtubule end; a tensile force applied through the C terminus would not be expected to accelerate polymerization in this model. For this reason, we prefer the diffusion mechanism; although because the spatial arrangement of the TOG domains at the microtubule end is not known for sure, the possibility that tensile force increases υ max cannot, at present, be excluded.
A third possibility is that a tensile force induces a structural change at the microtubule end that facilitates polymerization (45) (46) (47) (48) (49) . For example, if the protofilaments are curved at the microtubule end, a tensile force will tend to straighten the protofilament and this may facilitate the incorporation of a "bent" dimer into the straight lattice (46, 48) . However, we estimate that a 1 pN force will have only a very modest effect on the curvature of a protofilament, ( 1 degree per tubulin dimer (using the flexural rigidity of a single protofilament used in ref. 49 
of 5·10
−27
N·m −2 and assuming a protofilament length of up to five tubulin dimers). Therefore, the hypothesis that force is influencing the growth rate through protofilament straightening appears less likely to explain the observed effects.
In summary, our results show that XMAP215 dynamically links to the ends of growing and shrinking microtubules. XMAP215 accelerates microtubule growth, and we show that it retains its polymerase activity when coupled to a bead. Furthermore, we provide evidence that mechanical force can increase the polymerization activity. These results provide insights into the mechanism of XMAP215-mediated acceleration of microtubule growth. Given the cellular localization of XMAP215, this mechanical activation could play a role in processes such as cell division when the microtubule plus ends are in contact with the chromosomal kinetochores. However, further studies will be required to determine whether XMAP215 molecules actually function under tension in the cell.
Materials and Methods
Tubulin and Microtubule Preparation. Porcine brain tubulin was purified as described (50) . Labeling of cycled tubulin with tetramethylrhodamine (Invitrogen) was performed as reported in ref. 51 . GMPCPP-stabilized microtubules were grown according to ref. 51.
XMAP215-GFP-His 7 Expression and Purification. Full-length XMAP215-GFPHis 7 was expressed and purified as described previously (15, 16) .
Coupling of XMAP215-GFP-His 7 to Polystyrene Microspheres. The protein XMAP215-GFP-His 7 was immobilized on the surface of a 0.59-μm-diameter carboxylated polystyrene microsphere (Bangs Laboratories, product no. PC03N/6487) through a linker consisting of a polyethylene glycol (PEG) molecule and an antibody specific to GFP. Two types of the PEG-molecules of different molecular weight, α-Methoxy-ω-amino PEG of 2 kDa (product no. 12 2000-2, Rapp Polymere GmbH), further referred to as NH 2 -PEG-CH 3 O, and α-Amino-ω-carboxyl PEG hydrochloride of 3 kDa (product no. 13 3000-20-32, Rapp Polymere GmbH), further referred to as NH 2 -PEG-COOH, were covalently attached to the microsphere surface in a 9:1 ratio, respectively. Such a mixture prevented particle aggregation because of the hydrophilic properties of the 2 kDa PEG molecules. Furthermore, we could covalently couple a GFP antibody via the carboxyl group of the 3 kDa PEG molecules and the amino groups of the antibodies. For the PEG molecule coupling, 25 μL carboxyl-modified microspheres were pelleted two times in 1,000 μL of 50 mM Mes pH 6.0 at 13,000 g for 3 min and resuspended in 250 μL of 50 mM Mes pH 6.0. To activate the COOH groups on the microspheres, 1.62 mg of N-hydroxysulfosuccinimide sodium salt [sulfo-NHS, 56485-98.5% (HPLC), Sigma-Aldrich] and 1.42 mg of N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC, 130672-98%, Sigma-Aldrich) were added sequentially. The particles were incubated in a thermoshaker at 600 rpm, at 37°C for 15 min. After the incubation, the microspheres were washed two times in 500 μL 50 mM Mes pH 6.0 to get rid of nonreacted sulfo-NHS and EDC. The beads were resuspended in the PEG solution (9.36 mg of 2 kDa NH 2 -PEG-CH 3 O and 1.56 mg of 3 kDa NH 2 -PEG-COOH in borate buffer pH 8.5) with an incubation in the thermoshaker at 600 rpm, at 37°C for 2 h. After the incubation time, the particles were washed five times in 500 μL of borate buffer pH 8.5, three times in 500 μL of 50 mM Mes pH 6.0, and resuspended in 250 μL of 50 mM Mes pH 6.0 for the subsequent second step of covalent coupling of antibodies specific to GFP. During the second step of the coupling protocol, 250 μL PEG-coated microspheres in 50 mM Mes pH 6.0 were activated a second time by the addition of 1.62 mg of sulfo-NHS and 1.42 mg of EDC and incubated in the thermoshaker at 600 rpm, at 37°C for 15 min. After the activation, the microspheres were washed two times in 500 μL of 50 mM Mes pH 6.0, resuspended in 250 μL of antibody solution (45 μg monoclonal mouse antibody specific to GFP in 1× PBS), and incubated in the thermoshaker at 600 rpm, at 37°C for 1 h and then at 600 rpm, at 4°C overnight. Then the microspheres were washed five times in 1× PBS and stored at 4°C before the XMAP215-GFP-His 7 coupling step. To immobilize XMAP215-GFP-His 7 molecules on a polystyrene microsphere via the GFP-tag, 47 μg of the modified polystyrene microspheres were incubated with an XMAP215 solution (96 nM XMAP215-GFP-His 7 , 10 mM Tris Base, 10 mM Bis·Tris, 100 mM KCl, 1 mM DTT) in the thermoshaker at 600 rpm, at 4°C overnight. XMAP215-GFP-His 7 was freshly purified and not frozen before this step. Then, after addition of 10% (vol/vol) glycerol, the XMAP215-GFPHis 7 coupled microspheres were aliquoted, snap frozen in liquid nitrogen, and stored at -80°C. To test if the PEG molecules were bound to the surface of the beads, we incubated beads with and without conjugated PEGs with fluorescently labeled BSA. Because a PEG coating reduces nonspecific binding, the fluorescent signal of surface-conjugated PEG beads was lower than the one of the control beads without any PEGs. Also, PEG-coated microspheres that were used without XMAP215 did not show any interaction with microtubules or the flow-cell surface. After all preparation steps, the PEG-antibody beads were fluorescent after incubation with XMAP215-GFP. Given the ratio of beads to XMAP215 in the final coupling reaction, there are at most 16,000 XMAP215 molecules per bead assuming 100% binding and no losses. Because of the geometry of the experiment, no more than 10% and 1% of the molecules (N < 1600 and N < 160, respectively) could interact simultaneously with the microtubule lattice and end, respectively. These numbers may greatly overestimate the real numbers.
Assay Conditions. The preparation of silanized cover glasses and chamber preparation was previously described (15, 34, 51) . Reaction channels were first rinsed with BRB80: 80 mM Pipes at pH 6.9, 1 mM MgCl 2 , and 1 mM EGTA. Reaction channels were incubated with 1% antirhodamine antibody (Invitrogen) in BRB80 for 10 min, followed by 1% Pluronic F127 (Sigma) in BRB80 for 10 min, and rhodamine-labeled GMPCPP-stabilized microtubule seeds for 5 min. To reconstitute microtubule growth, the tubulin solution together with XMAP215-coated microspheres were introduced into the channel, 15 μm tubulin for both DIC microtubule growth observation and XMAP215-coated bead detachment-force measurements, and 7.5 μm of tubulin for constant-force experiments (the buffer contained BRB80, 15 or 7.5 μM tubulin, 42.5 μM D-glucose, 42.5 μg/mL glucose oxidase, 17 μg/mL catalase, 10.5 mM DTT, 85 μg/mL casein, 1.25 mM GTP, 75 mM KCl, 80 times diluted XMAP215-coated microspheres). The temperature during the experiments was 29.3°C. Very few beads interacted with the microtubule lattice by themselves because the bead concentration was low and the basic, microtubulelattice binding domain, located toward the C terminus, might have been masked by the proximity to the bead and neighboring molecules.
Instrumentation and Data Collection. To quantify the movement of the beads due to microtubule growth and shrinkage, we recorded DIC movies at 30 Hz, averaged over 10 frames, resulting in 3 frames per second. The implementation of video-enhanced DIC using a light-emitting diode was described previously (33) . Bead positions were tracked in recorded movies by using a customwritten MATLAB script. Two optical tweezer setups were used. For assays with increasing load, a stationary trap, described in ref. 32 , was used. The setup for constant-force experiments was described in ref. 52 . In both setups, the position of the bead was monitored by back-focal-plane interferometry (35, 36) . The trap stiffness was calibrated along three principal axis as described (31) . During constant-force measurements, the bead position was sampled at 40 kHz, averaged over 10 neighboring data points, and recorded at 4 kHz, whereas the mirror position was updated at 1 kHz to maintain a desired load. For stationary trap experiments, the bead position was sampled at 5 kHz. The trap stiffness was about 0.04 pN/nm in the direction of the microtubule axis and 0.026 pN/nm perpendicular to it. For the constantforce experiments, we obtained a total of 130 runs where the bead moved with the end of a growing and/or shrinking microtubule. For analysis of growth speed on force, we applied the following two criteria to the data: (i) the duration of the recording exceeded 20 s (chosen to ensure that there was ample time for the bead to couple to the end of the microtubule and that the displacement was comparable to the radius of the 0.59-μm-diameter bead), and (ii) the speed exceeded 2.3 nm/s (0.14 μm/min), below which we regarded the bead as immobile. With these criteria, the number of traces included in the growth-speed analysis was 72 and are plotted in Fig. 4B . All traces that included a transition to shrinkage (43) 
